Despite its limitations, unfractionated heparin has been the standard anticoagulant used during percutaneous coronary intervention (PCI). Several small studies have suggested that intravenous enoxaparin may be a safe and effective alternative. Our primary aim was to assess the safety of enoxaparin as compared with that of unfractionated heparin in elective PCI.
T he american college of cardiology, the American Heart Association, and the European Society of Cardiology recommend the use of intravenous unfractionated heparin, with the dose adjusted for the activated clotting time, during percutaneous coronary intervention (PCI). 1,2 However, better anticoagulation regimens are needed for PCI, given the limitations of unfractionated heparin, which include its sometimes difficult-to-manage effects on coagulation, the need for repeated monitoring of coagulation, the narrow therapeutic window, the potential induction of platelet activation, and the risk of thrombocytopenia. 3 The use of low-molecular-weight heparins as anticoagulants is increasing in patients with acute coronary syndrome who undergo PCI [4] [5] [6] and in those undergoing elective procedures. 7, 8 As compared with unfractionated heparin, low-molecular-weight heparins are considered to induce a more stable and predictable anticoagulant dose response (obviating the necessity for coagulation monitoring), and to have a longer half-life and a greater ratio of anti-factor Xa activity to anti-factor IIa activity, which reduces the generation and activation of thrombin. 3, 9 Low-molecular-weight heparins are also less apt to induce platelet activation, release of the von Willebrand factor, and inflammation. [10] [11] [12] [13] Small or noncomparative trials have evaluated a single intravenous bolus of enoxaparin -1 mg, 14-18 0.75 mg, 14, [19] [20] [21] or 0.5 mg 7,22 per kilogram of body weight -in patients undergoing PCI with or without the administration of glycoprotein IIb/IIIa inhibitors. However, these uncontrolled studies have not allowed definite conclusions to be drawn about the efficacy of enoxaparin as compared with that of standard anticoagulation regimens involving unfractionated heparin. In a meta-analysis of data from randomized studies comparing intravenous low-molecular-weight heparins and intravenous unfractionated heparin in patients undergoing PCI, there was a nonsignificant trend toward a reduction in major bleeding with low-molecularweight heparins and no difference between groups in the occurrence of ischemic events. 8 In an additional analysis, a dose of less than 1 mg of enoxaparin per kilogram resulted in fewer ischemic and bleeding events than a dose of 1 mg per kilogram.
We conducted a large-scale, randomized, con-trolled trial to evaluate whether the safety of intravenous low-molecular-weight heparins was superior to that of unfractionated heparin in patients undergoing elective PCI.
Me thods
The Safety and Efficacy of Enoxaparin in PCI Patients, an International Randomized Evaluation (STEEPLE) trial was a prospective, open-label, parallel-group trial evaluating intravenous enoxaparin at a dose of 0.5 mg or 0.75 mg per kilogram, as compared with intravenous unfractionated heparin, in patients undergoing elective PCI. The protocol was written by Dr. Montalescot and modified on the basis of discussions with the sponsor (Sanofi-Aventis) and the members of the steering committee (see the Appendix). The data were gathered by the sponsor and were maintained and analyzed by Altizem, a contract research organization. The steering committee vouches for the integrity and completeness of the data, and the statistician vouches for the accuracy of the data analysis. The publication committee prepared the manuscript with suggestions from the steering committee and the sponsor. The publication committee had final authority over the content of the manuscript.
Patients
Patients were enrolled at 124 sites in nine countries. Patients were eligible for the study if they were older than 17 years of age, were scheduled to undergo elective PCI with a femoral approach, and did not meet any of the exclusion criteria: recent thrombolysis, a planned staged procedure, an increased risk of bleeding, treatment with a parenteral antithrombotic agent before PCI, or a known hypersensitivity to the drugs used in the study. The study was conducted according to the Declaration of Helsinki and local regulations. Approval for the trial was obtained from the institutional review board at each site. All patients gave written informed consent.
Study Protocol
Eligible patients were randomly assigned to receive an intravenous bolus of unfractionated heparin, adjusted for activated clotting time according to current guidelines, 1 or intravenous enoxaparin at a dose of 0.5 or 0.75 mg per kilogram. We assigned patients using an interactive voice-response system at the central randomization center. Random permuted blocks were used to make assignments in a 1:1:1 ratio that were stratified according to center and planned use of glycoprotein IIb/IIIa inhibitors (no or yes). All patients received aspirin (75 to 500 mg per day) and thienopyridines, according to local practice.
Patients who were assigned to either enoxaparin group received a single intravenous bolus of enoxaparin, without anticoagulation monitoring, after sheath insertion and immediately before PCI. The assigned dose was used regardless of whether a patient was also receiving the glycoprotein IIb/ IIIa inhibitor. When procedures were prolonged by more than 2 hours, an additional bolus of enoxaparin (half the original dose) was recommended. 23 Patients who were randomly assigned to receive unfractionated heparin and who were not receiving concurrent glycoprotein IIb/IIIa inhibitors were given an initial intravenous bolus of 70 to 100 IU per kilogram to achieve a target activated clotting time of 300 to 350 seconds. Patients who received concurrent glycoprotein IIb/IIIa inhibitors were given an initial bolus of 50 to 70 IU of unfractionated heparin per kilogram to achieve a target activated clotting time of 200 to 300 seconds. Additional boluses of unfractionated heparin were given before the PCI if the lower limit of the target activated clotting time was not reached. Unfractionated heparin was readministered during the procedure, at the discretion of the investigator, when measurements of activated clotting time dropped below the recommended range. In all centers, activated clotting time was measured with a standardized Hemochron device (ITC).
Arterial closure devices were permitted according to the practice at each institution. Sheath removal was authorized at an activated clotting time between 150 and 180 seconds in the unfractionated heparin group, 24 4 to 6 hours after the end of the PCI in the group given 0.75 mg of enoxaparin per kilogram, and immediately after the end of the PCI in the group given 0.5 mg of enoxaparin per kilogram. No monitoring of anticoagulation was required before sheath removal in patients receiving enoxaparin.
End Points
The primary end point of the trial was the occurrence of major or minor bleeding not related to coronary-artery bypass grafting (CABG) during the first 48 hours after the index PCI, according to prespecified definitions (Table 1) . The main secondary efficacy end point was the achievement of therapeutic anticoagulation at the beginning and end of PCI. Specifically, we compared the proportion of patients receiving enoxaparin in whom the target anti-factor Xa levels of 0.5 to 1.8 IU per milliliter (analyzed centrally) were achieved 25, 26 with the proportion of patients receiving unfractionated heparin in whom the target activated clotting time (200 to 300 seconds with glycoprotein IIb/IIIa inhibitors or 300 to 350 seconds without) 1 was achieved, at the start and the end of PCI.
We also studied other secondary end points. The first was a composite of non-CABG-related major bleeding up to 48 hours after the index PCI, death from any cause, nonfatal myocardial infarction (defined by a new Q wave in two or more leads or a total creatine kinase level or creatine kinase MB fraction that was ≥3 times the upper limit of the normal range during hospitalization for the index PCI or that was ≥2 times the upper limit of the normal range after discharge), or urgent target-vessel revascularization during the first 30 days after the index PCI. The second was a composite of death from any cause or nonfatal myocardial infarction during the first 30 days after the index PCI, whichever occurred first. The third was a composite of death from any cause, nonfatal myocardial infarction, or urgent target-vessel revascularization during the first 30 days after the index PCI, whichever occurred first. The fourth consisted of each of the individual end points during the first 30 days after the index PCI. All events were adjudicated by an independent clinical-events committee whose members were unaware of the treatment assignments.
Statistical Analysis
We initially estimated that we would need to enroll 2700 patients, given a 7% incidence of any type of bleeding up to 48 hours after PCI in the unfractionated heparin group, a statistical power of 80% to detect a relative risk reduction of 47% with enoxaparin, and a type I, two-sided error rate of 2.5% for each comparison of the enoxaparin groups with the unfractionated heparin group. At a planned interim evaluation, the sample size was reevaluated, and because the overall bleeding rate was lower than the anticipated rate (3.5% vs. 4.8%), a final enrollment goal of 3690 patients was set.
All analyses were performed according to the intention-to-treat principle and included all randomized patients analyzed according to the treatment assigned. The primary end point was also analyzed in the safety population, which included all patients who received at least one dose of study drug, analyzed according to the treatment actually received. For all end-point analyses, each enoxaparin dose was compared with unfractionated heparin. The Simes adjustment for multiplicity was applied to ensure a global type I error of 0.05: if both P values were 0.05 or less, both were considered to indicate statistical significance; if the highest P value was greater than 0.05, the other P value had to be 0.025 or less to be considered to indicate statistical significance. 27 Analyses were performed with SAS statistical software, version 8.2 (SAS Institute). Logistic-regression analysis was used to compare the incidence of the primary end point between the enoxaparin and unfractionated heparin groups, with adjustment for the use or nonuse of glycoprotein IIb/IIIa inhibitors. If enoxaparin was not found to be superior to unfractionated heparin, we evaluated whether enoxaparin was noninferior to unfractionated heparin with the use of a two-sided, adjusted confidence interval (CI) for the differences in event rates as planned; the noninferiority margin was set at 30% of the observed bleeding rates in the unfractionated heparin group.
For secondary end points, target anti-factor Xa levels or activated clotting times were analyzed with a logistic-regression model, with adjustment for the use or nonuse of glycoprotein IIb/IIIa inhibitors. The objective for the composite quadruple end point was to test for the noninferiority of the enoxaparin doses with the use of a two-sided CI of the difference in event rates; the noninferiority margin was set at 39% of the observed rates in the unfractionated heparin group. Time-toevent analyses for the other secondary end points up to day 30 were performed with Cox proportional-hazards models.
An independent data-monitoring committee followed the progress of the trial to ensure that patient safety was not compromised. The committee met four times during the trial; the fourth interim analysis, which included 3089 patients, indicated that there were more deaths from any cause in the group given 0.5 mg of enoxaparin per kilogram (9 patients) than in either the unfractionated heparin group (3 patients, P = 0.1477) or the group given 0.75 mg of enoxaparin per kilogram (1 patient, P = 0.0265). On the basis of the Pocock boundary of 0.0266, the committee recommended that randomization to the group given 0.5 mg of enoxaparin per kilogram be discontinued. Enrollment was suspended in that group on November 22, 2004, just before the end of the enrollment period in December 2004. Because the decision to stop enrollment in this group could have altered decisions about the inclusion of a patient or the conduct of the study, the final analyses were adjusted for whether a patient underwent randomization before or after November 22, 2004.
R esults

Characteristics of the patients
Between January 2004 and December 2004, 3528 patients were enrolled: 1070 were randomly assigned to receive 0.5 mg of enoxaparin per kilo- gram intravenously, 1228 to receive 0.75 mg of enoxaparin per kilogram intravenously, and 1230 to receive unfractionated heparin intravenously. Baseline characteristics were well balanced among the treatment groups ( Table 2) .
Characteristics of the Procedure
The procedural characteristics were similar for all three groups ( 
Primary End Point
Non-CABG-related major or minor bleeding during the first 48 hours occurred in 5.9% of patients assigned to receive 0.5 mg of enoxaparin per kilogram, 6.5% of patients assigned to receive 0.75 mg of enoxaparin per kilogram, and 8.5% of patients assigned to receive unfractionated heparin (Table 3 and Fig. 1) . These values represent a relative reduction of 31% in the primary end point with 0.5 mg of enoxaparin per kilogram as compared with unfractionated heparin, meeting the criteria for the superiority of enoxaparin over unfractionated heparin (P = 0.01), and a 24% relative reduction with 0.75 mg of enoxaparin per kilogram (P = 0.051), meeting the prespecified criteria for noninferiority (95% CI, -4.0 to 0.0; excluding the noninferiority margin of 30% [absolute margin, +2.6%]). This effect was primarily driven by the 57% reduction in non-CABG-related major bleeding (absolute risk reduction, 1.6%) in both enoxaparin groups (0.5 mg per kilogram, 1.2%, vs. 2.8% in the unfractionated heparin group, P = 0.004; 0.75 mg per kilogram, 1.2% vs. 2.8%, P = 0.007) (Table 3 and Fig. 1 ). Among patients who did not receive glycoprotein IIb/IIIa inhibitors, non-CABG-related major or minor bleeding at 48 hours occurred in 4.1% of those in the group given 0.5 mg of enoxaparin per kilogram, 3.6% of those given 0.75 mg of enoxaparin per kilogram, and 6.8% of those given unfractionated heparin; among patients who received glycoprotein IIb/IIIa inhibitors, the rates were 8.6%, 10.8%, and 11.2%, respectively. Transfusion rates during the first 48 hours after PCI were extremely low (Table 3) . Similar results were obtained in the analysis of safety: the incidence of the primary end point was significantly reduced among patients receiv-ing 0.5 mg of enoxaparin per kilogram, as compared with patients receiving unfractionated heparin (6.1% vs. 8.6%, P = 0.02) but not among patients receiving 0.75 mg of enoxaparin per kilogram (6.7% vs. 8.6%, P = 0.07). The incidence of major bleeding was significantly reduced in the group given 0.5 mg of enoxaparin per kilogram (1.3%, vs. 2.8% in the unfractionated heparin group; P = 0.005) and the group given 0.75 mg of enoxaparin per kilogram (1.3% vs. 2.8%, P = 0.008).
Consistent results were found across all major subgroups with respect to the primary end point. Multivariate analysis showed that significant independent correlates of the primary end point included treatment with 0.5 mg of enoxaparin per kilogram but not treatment with 0.75 mg of enoxaparin per kilogram (Fig. 2) .
Although not prespecified in the protocol, bleeding that was classified according to the Thrombolysis in Myocardial Infarction (TIMI) trial 28 criteria and the Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries (GUSTO) study criteria 29 was also assessed (Table 3) . The rates of TIMI bleeding (major or minor) were not significantly different among the groups. The rate of GUSTO bleeding was significantly reduced only in the group given 0.5 mg of enoxaparin per kilogram.
Secondary End Points
Prespecified target anti-factor Xa levels of 0.5 to 1.8 IU per milliliter (the main secondary efficacy end point) were achieved in significantly more patients receiving enoxaparin (78.8% in the group given 0.5 mg per kilogram and 91.8% in the group given 0.75 mg per kilogram) than in patients receiving unfractionated heparin adjusted for the activated clotting time (19.7%, P<0.001 for both comparisons) (Table 3) . When a narrower anti-factor Xa range was selected (0.5 to 1.2 IU per milliliter), corresponding to adequate anticoagulation levels in the treatment of acute coronary syndrome, 25, 26, 30 75.5% of patients given 0.5 mg of enoxaparin per kilogram reached the target range, as did 59.4% of patients given 0.75 mg of enoxaparin per kilogram. Both these proportions were significantly higher than that in the group given unfractionated heparin (P<0.001 for both comparisons).
The composite quadruple end point occurred in 6.9% of patients receiving 0.5 mg of enoxaparin per kilogram and 7.7% of those receiving 0.75 mg of enoxaparin per kilogram, as compared with 8.2% of patients receiving unfractionated heparin, meeting the prespecified criteria for noninferiority for both enoxaparin doses (Table 3 ). The incidence of death from any cause or nonfatal myocardial infarction during the first 30 days after PCI did not differ significantly among the three groups ( Fig. 3 and Table 3 ). No significant difference was observed among the three groups in the incidence of the composite end point of death from any cause, nonfatal myocardial infarction, or urgent target-vessel revascularization during the first 30 days or its individual components (Table 3) .
The mortality rate during an interim analysis in the group given 0.5 mg of enoxaparin per kilogram (10 patients [1.0%]), which led to early termination of enrollment in that group, was not (Table 3) . Four deaths in the group given 0.5 mg of enoxaparin per kilogram were considered by the investigators to be possibly related to treatment. These included one cardiac arrest after successful PCI and hospital discharge (on day 4), one intra cranial hemorrhage (on day 2), one episode of cardiac tamponade related to peri-procedure coronary rupture (on day 1), and one peri-procedure coronary occlusion after rotablator dissection of the main coronary trunk (on day 1). None of the deaths in the other two groups were considered to be possibly related to treatment.
Discussion
We compared the safety of intravenous enoxaparin with that of unfractionated heparin in elective PCI as currently practiced (including the frequent use of drug-eluting stents and glycoprotein IIb/IIIa inhibitors as well as almost universal use of clopidogrel). A dose of 0.5 mg of enoxaparin per kilogram significantly reduced the primary end point of any bleeding (as prospectively defined by our protocol), as compared with a regimen of unfractionated heparin adjusted for activated clotting time, whereas a dose of 0.75 mg of enoxaparin per kilogram was noninferior to unfractionated heparin with respect to this end point. Both doses of enoxaparin significantly reduced the incidence of major bleeding, as compared with unfractionated heparin. The benefit of the 0.5-mg dose of enoxaparin per kilogram with respect to bleeding was also evident with the use of the GUSTO criteria but was not significant with the use of the TIMI criteria. These definitions, developed for use in trials of fibrinolysis, may not be optimal for assessing the risk of bleeding after PCI.
The effect of enoxaparin on the risk of bleeding was achieved with the use of a treatment protocol that was simpler than that typically used for unfractionated heparin. Enoxaparin was administered as a single intravenous bolus before the start of PCI, without anticoagulation monitoring; a similar dose was used whether or not glycoprotein IIb/IIIa inhibitors were given; and immediate removal of the sheath after PCI was recommended with the 0.5-mg dose of enoxaparin per kilogram.
As compared with unfractionated heparin, enoxaparin resulted in a significant increase (by a factor of four) in the rate of achievement of target anticoagulation levels. This finding highlights the superior bioavailability of enoxaparin; in contrast, unfractionated heparin requires careful coagulation monitoring. Whether there is an optimal anti-factor Xa level with enoxaparin therapy among patients undergoing PCI is still unknown, although it was shown recently that such levels were independently associated with the risk of death at 30 days in a large population of patients with non-ST-elevation acute coronary syndrome. 25 In our study, even when we aimed for a tighter anti-factor Xa range (0.5 to 1.2 IU per milliliter), 25,26,30 the results obtained with enoxaparin remained significantly more predictable and stable than those obtained with unfractionated heparin anticoagulation: more patients reached the target range with the 0.5-mg dose of enoxaparin per kilogram.
There was no significant difference in the double or triple ischemic end point or any individual component of the composite end point, in- The 95% CIs for adjusted differences between groups for non-CABG-related major or minor bleeding during the first 48 hours were -4.7 to -0.6% for comparison of the group given 0.5 mg of enoxaparin per kilogram with the group given unfractionated heparin and -4.0% to 0.0% for the comparison of the group given 0.75 mg of enoxaparin per kilogram with the group given unfractionated heparin, with a noninferiority margin of 2.6%.
Copyright © 2006 Massachusetts Medical Society. All rights reserved.
cluding mortality, between patients treated with enoxaparin and those treated with unfractionated heparin. However, there were wide CIs for the ischemic end points (Table 3) , and our trial was not powered to detect differences or draw conclu-sions with regard to these measures of drug efficacy. The mortality rate in the trial was low (0.5%) and similar to that in other recent PCI trials. [31] [32] [33] The early closure of the low-dose enoxaparin group was based on an apparent increase The following variables were used in the multivariate analysis: age (≥75 years vs. <75 years); sex; smoking status (current smoker vs. former smoker or no history of smoking); the presence or absence of obesity, diabetes, hypertension, hypercholesterolemia, renal insufficiency (creatinine clearance, 60 ml or less per minute), peripheral arterial disease, a family history of coronary artery disease, unstable angina or myocardial infarction within the previous 7 days, a hemoglobin level at entry of ≤10 g per deciliter for women or 11 g per deciliter for men, and a platelet count at entry of ≤80,000 per mm 3 ; the number of diseased arteries (1 vs. 2 or ≥3); the use or nonuse of enoxaparin, another low-molecular-weight heparin, unfractionated heparin, or a direct thrombin inhibitor within the previous 7 days; the use or nonuse of warfarin or other vitamin K antagonists within the previous 7 days; sheath size (<7 French vs. ≥7 French); the use or nonuse of glycoprotein IIb/IIIa inhibitors during PCI; the use or nonuse of other antiplatelet drugs (aspirin or clopidogrel); country; time of randomization (before November 22, 2004 , vs. after November 22, 2004 ; and treatment group. GP denotes glycoprotein. in the number of deaths from any cause as compared with the number in the group given unfractionated heparin. In the final analysis, the apparent increase was found to be nonsignificant, but the CIs were wide. For the combined end point incorporating both bleeding and ischemic events, both doses of enoxaparin were noninferior to unfractionated heparin.
In summary, the STEEPLE trial demonstrated that, depending on the dose, intravenous enoxaparin is associated with bleeding rates that are similar to or lower than those with unfractionated heparin in patients undergoing elective PCI. The resulting levels of anticoagulation were more predictable with enoxaparin than with unfractionated heparin. The slightly but not significantly higher death rate with low-dose enoxaparin remains unexplained. Whether the rates of ischemic events are similar for enoxaparin and unfractionated heparin was not definitively established.
